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layers for transistors formed in semiconductor-on-insulator
substrates are described. High dopant concentrations may be
achieved 1n ultrathin semiconductor layers to improve
device characteristics. Ion implantation at elevated tempera-
tures may mitigate defect formation for stoichiometric dop-
ant concentrations up to about 30%. In-plane stressors may
be formed adjacent to channels of transistors formed in
ultrathin semiconductor layers.
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HIGH DOSE IMPLANTATION FOR
ULTRATHIN
SEMICONDUCTOR-ON-INSULATOR
SUBSTRATES

BACKGROUND

Technical Field

The technology relates to structures and methods for
forming high doping concentrations by implantation 1n
ultrathin layers of semiconductor-on-insulator substrates.

Discussion of the Related Art

Transistors are fundamental device elements of modern
digital processors and memory devices, and have found
numerous applications 1n various areas of electronics,
including power electronics. Currently, there are a variety of
transistor designs or types that may be used for diflerent
applications. Various transistor types include, for example,
bipolar junction transistors (BJT), junction field-eflect tran-
sistors (JFET), metal-oxide-semiconductor field-eflect tran-
sistors (MOSFET), vertical channel or trench field-effect
transistors, and superjunction or multi-drain transistors. One
type of transistor that has emerged within the MOSFET
family of transistors 1s a fin field-eflect transistor ({inFET).
The finFET 1s a three-dimensional structure for which a
channel, source, and drain are formed on a narrow fin
protruding from a substrate.

In some cases, dopants may be introduced into a transistor
structure or into nearby structures to induce strain 1n a
channel region of the device, or to improve electrical char-
acteristics of the device. For example, germanium (Ge) may
be added to a transistor formed 1n silicon (S1) to convert the
channel region to S1Ge or to strain the transistor’s channel.
S1Ge can exhibit higher carrier mobility than S1 semicon-
ductors. Straining of a channel can improve carrier mobaility
in the channel for both n- and p-type devices.

SUMMARY

Structures and methods relating to integrated transistors
having highly-doped, ultrathin semiconductor layers in
semiconductor-on-insulator (SOI) substrates are described.
In some embodiments, stoichiometric doping concentrations
of up to approximately 30% of Ge 1n S1 may be obtained
without amorphization of an ultrathin Si layer. High doping
concentrations may be formed in transistor channels, 1n
some embodiments. In some implementations, high doping
concentrations may be formed adjacent to a transistor chan-
nel, so as to induce strain in the channel. The doping of thin
semiconductor layers to high concentrations may be carried
out by a combination of elevated-temperature, 10on 1mplan-
tation and spike anneal processes.

According to some embodiments, a method for forming a
highly-doped, ultrathin semiconductor-on-insulator struc-
ture comprises heating a semiconductor-on-insulator sub-
strate to a temperature between approximately 350° C. and
approximately 500° C., and implanting a dopant into an
ultrathin semiconductor layer of the substrate at a dose
between about 0.5x10'° cm™ and about 2x10'° cm™ while
the substrate 1s heated. The ultrathin semiconductor layer
may be a S1 layer less than approximately 10 nm, and the
implanted dopant may be Ge. In some embodiments, the
implantation may be performed through a thin material layer
(e.g., an oxide layer) deposited over the ultrathin semicon-
ductor layer. The implanted substrate may be subjected to a
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2

spike or rapid thermal annealing step after 1on 1mplantation
to reduce an amount of defects that may have been formed
during the 1on 1mplantation.

Among the structures that may be formed using the
methods described below are complimentary MOS devices.
In some 1mplementations, an ultrathin semiconductor-on-
insulator structure that may be formed using the implanta-
tion methods comprises a bulk substrate, a thin insulating
layer formed on the bulk substrate, and an ultrathin semi-
conductor layer formed over the insulating layer, wherein a
first portion of the wultrathin semiconductor layer 1is
implanted with an element at a concentration between
approximately 15% and 40% that improves the electrical
characteristics of the ultrathin semiconductor layer, and a
second portion of the ultrathin semiconductor layer 1s not
implanted with the element. The ultrathin semiconductor
layer may be a S1 layer that 1s less than about 10 nm thick,
and the element may be Ge. The msulating layer may be
between about 5 nm and about 50 nm thick. In some
embodiments, the first portion that 1s implanted may be used
to form a channel region of a field-eflect transistor. For
example, a body of a transistor may be defined in the first
portion. According to some embodiments, the first portion
may include at least one region that 1s formed adjacent to a
channel region of a FET, so as to provide at least one
in-plane stressor that induces strain in the channel region of
the FET. In some implementations, one or more transistors
of a first conductivity type may be formed using heavily
implanted regions of the first portion, and one or more
transistors of a second conductivity type may be formed
using regions ol the second portion that 1s not implanted
with the element.

The foregoing and other aspects, embodiments, and fea-
tures of the present teachings can be more fully understood
from the following description in conjunction with the
accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

The skilled artisan will understand that the figures,
described herein, are for 1llustration purposes only. It 1s to be
understood that 1n some instances various aspects ol the
embodiments may be shown exaggerated or enlarged to
facilitate an understanding of the embodiments. In the
drawings, like reference characters generally refer to like
features, functionally similar and/or structurally similar ele-
ments throughout the various figures. The drawings are not
necessarily to scale, emphasis istead being placed upon
illustrating the principles of the teachings. Where the draw-
ings relate to microfabrication of integrated devices, only
one device may be shown of a large plurality of devices that
may be fabricated in parallel. The drawings are not intended
to limit the scope of the present teachings 1n any way.

FIGS. 1A-1E depict integrated structures and method
steps for forming a highly-doped, ultrathin channel region
on a buried oxide layer, according to some embodiments;
and

FIGS. 2A-2F depict itegrated structures and method
steps for forming a raised source and drain complimentary
MOSFET device that includes in-plane stressors adjacent a
channel region, according to some embodiments.

The features and advantages of the embodiments waill
become more apparent from the detailed description set
forth below when taken in conjunction with the drawings.

DETAILED DESCRIPTION

In recent years, some integrated circuit components such
as diodes and transistors have been formed using so-called
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“silicon-on-msulator” (SOI) substrates, m which active
regions of the devices are formed i1n a layer of silicon
disposed over an msulating layer (typically an oxide layer)
that 1s disposed over a bulk silicon substrate. Because of the
underlying or buried oxide layer, electrical 1solation between
nearby devices and the bulk substrate can be improved.
Benefits of SOI technology include reduction in parasitic
capacitance, reduction 1 power consumption, and reduction
in CMOS latch-up. With advances in integrated circuit
technology, the thickness of the silicon layer overlying the
buried oxide has decreased with time. Today, ultrathin
silicon layers may be formed over a buried oxide layer, and
active regions of integrated devices may be formed 1n the
ultrathin layers. For example, an ultrathin SOI structure may
comprise a silicon layer less than approximately 10 nm
thickness overlying an insulating layer that may be about 25
nm thick. A channel and/or source and drain regions for a
transistor may be formed 1n the ultrathin silicon layer.

To further improve the performance of SOI devices,
doping of the semiconductor may be employed. For
example, doping a S1 layer with Ge to obtain S1Ge can
provide higher mobilities for electrons and holes, higher
device speed, and lower junction leakage than bulk S1. There
are at least two ways to form Si1Ge starting with a Si
substrate. One way 1s to use epitaxial growth. A second way
1s to employ Ge 10n implantation to dope an existing S1 layer.
However, each of these approaches may have limitations.

Epitaxial growth can produce uniform and controlled
doping concentrations, but requires a seed layer to initiate
crystal growth. One approach 1s to epitaxially grow SiGe on
a S1 substrate. In applications where an ultrathin semicon-
ductor-on-insulator structure 1s desired, epitaxial growth
cannot be mitiated from the buried oxide layer, and epitaxial
growth on an ultrathin S1 layer may exceed a desired layer
thickness for subsequently fabricated devices. If epitaxial
growth could be performed, because of a lattice constant
mismatch between S1Ge and Si, strain 1s induced 1n the S1Ge
and underlying S1 layers as the Si1Ge layer 1s epitaxially
grown. In some cases, this strain causes dislocations or
defects 1n the S1Ge during 1ts growth, which can adversely
aflect device performance to unacceptable levels. Addition-
ally, epitaxial growth may require sustained exposure of a
substrate to high temperatures (e.g., greater than 600° C.),
which may have undesirable eflects on device structures,
such as ingress of oxygen into a gate and channel region of
a FET.

Another option 1s to employ 1on implantation. In this
approach, Ge 10ns, for example, may be accelerated at a high
clectric potential and forcibly driven into a S1 layer. Such a
process, however, can disrupt the crystal structure of the Si1
layer yielding a thin layer that 1s more amorphous rather than
crystalline. Amorphization can severely degrade device per-
formance or result in unacceptable device performance. A
high temperature anneal (e.g., at temperatures between
about 600° C. and about 1100° C.) can be used to recrys-
tallize the S1 layer and improve the electrical properties of
the S1Ge layer, but such high temperatures may have unde-
sirable effects on devices, such as ingress of oxygen nto a
gate and/or channel region of a FET. As may be appreciated,
doping of thin and ultrathin semiconductor layers on 1nsu-
lators poses fabrication challenges.

The inventors have found that a combination of elevated-
temperature, 1on implantation and a subsequent spike anneal
can be used to obtain highly-doped, ultrathin semiconduc-
tor-on-nsulating layers of suitable quality for integrated
device {fabrication. According to some embodiments,
implantation of Ge 1n ultrathin Si layers of SOI substrates
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4

may be carried out at temperatures between about 350° C.
and about 500° C. The elevated temperatures can mitigate,
and 1n some cases avoid, amorphization of the ultrathin
layers. Ion implantation may be localized (e.g., through
mask vias) or may extend across an entire walfer. In some
embodiments, alter implantation, the substrate may be sub-
jected to a rapid thermal annealing process to improve
crystal quality. According to some embodiments, the thermal
budget for the elevated-temperature implantation and a
subsequent spike anneal 1s lower than that for a conventional
epitaxial growth process.

FIGS. 1A-1E depict integrated structures and method
steps for forming highly-doped, ultrathin channel regions
above a buried oxide layer, according to some embodiments.
An SOI water, or a region of a waler, may include a bulk
substrate 110, an 1nsulating layer 120, and a semiconductor
layer 130. For the examples discussed below, the bulk
substrate 110 may comprise a Si substrate, the insulating
layer 120 may comprise an oxide layer, and the semicon-
ductor layer 130 may comprise an ultrathin S1 layer,
although the embodiments are not limited to only these
materials. The methods and structures formed may apply to
other semiconductor systems, e.g., GaN, S1C, InGaAs, InP,
CdTe, etc.

According to some embodiments, an ultrathin semicon-
ductor layer 130 may comprise a crystalline semiconductor
having a thickness between approximately 3 nm and
approximately 15 nm. The crystalline quality of the semi-
conductor layer 130 may be high (e.g., defect densities less
than 10° defects/cm” in some embodiments, less than 10*
defects/cm” in some embodiments, less than 10° defects/cm”
in some embodiments, and yet less than less than 10~
defects/cm® in some embodiments). In some implementa-
tions, the semiconductor layer 130 may be formed by layer
transfer and bonding of a S1 layer from another wafer,
followed by a chemical-mechanical polishing step to pla-
narize and thin the semiconductor layer (e.g., a “smart cut”
Process).

A hard mask material 140 may be formed over the
semiconductor layer 130. In some embodiments, the hard
mask material comprises an 1norganic material such as an
oxide, a nitride, or a metal. The hard mask material 140 may
exhibit etch selectivity over the underlying semiconductor
layer 130. The hard mask material may be deposited locally
or across an entire wailer, and have a thickness equal to or
greater than the thickness of the underlying semiconductor
layer 130. The hard mask 140 may be deposited by a plasma
deposition process 1n some embodiments, though any suit-
able deposition technique may be used.

As an example of layer thicknesses, the semiconductor
layer 130 may have a thickness of approximately 6 nm, the
hard mask material 140 may have a thickness of approxi-
mately 9 nm, and the buried oxide layer may have a
thickness of approximately 25 nm, although the embodi-
ments are not limited to these thicknesses. In some embodi-
ments, the buried oxide layer may have a thickness between
about 5 nm and about 50 nm. The ultrathin semiconductor
layer may have a thickness up to about 10 nm, and the hard
mask material may have a thickness between about 5 nm and
about 20 nm.

A resist 145 may be deposited and patterned over the hard
mask material 140 using any suitable lithography technique,
so as to open a region 148 at which one or more SiGe
channels may be formed. The resist 145 may exhibit etch
selectivity over the underlying hard mask material. As an
example, the resist may be a photoresist. Once patterned, the
substrate 105 may be etched (e.g., using a reactive-ion
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etching process) to open a region 150 in the hard mask
maternial 140, as depicted 1n FIG. 1B. The resist 145 may be
stripped from the water.

According to some embodiments, a thin oxide 160 may
then be deposited on the exposed semiconductor layer 130.
The oxide 160 may have a thickness between about 1 nm
and about 8 nm. According to some embodiments, the oxide
160 may be about 3 nm 1n thickness. The resulting structure
may appear as depicted in FIG. 1C.

The substrate may then be subjected to an elevated-
temperature, 1on implantation, as illustrated 1n FIG. 1D. The
substrate may be heated during ion implantation (e.g., via a
hot plate 190), or the environment in which 1on 1implantation
occurs may be elevated i temperature. According to some
embodiments, the substrate may be heated to a temperature
between about 350° C. and about 500° C. Heating of the
substrate during implantation can mitigate amorphization of
the thin semiconductor layer 130. In some implementations,
Ge 1s implanted 1nto an ultrathin S1 layer at a dose between
about 0.5x10'° cm™ and about 2x10'°® cm™. Such high
doses might normally lead to amorphization of the thin
semiconductor layer, but do not appreciably amorphize the
layer when the layer 1s heated within the above-described
temperature range.

Ion 1mplantation may provide a different and distinguish-
able dopant profile compared to doping via epitaxial growth.
Epitaxial doping may provide a more uniform dopant profile
in a vertical direction of the thin semiconductor layer 130.
In comparison, 1on implantation may result in dopant con-
centration gradients and variation in the vertical direction.
For example, epitaxial doping may yield a substantially
flat-top dopant profile, whereas implantation doping may
yield a more Gaussian shaped dopant profile. The elevated
temperature during i1on implantation, and a subsequent
annealing step, may homogenize the dopant concentration 1n
the ultrathin semiconductor layer to reduce concentration
gradients, in some embodiments.

The energy used for 1on implantation may depend upon
the 10n used, the thickness of the semiconductor layer 130,
and the thickness of the thin oxide layer 160. Because the
semiconductor layer i1s thin, 1on energies can be low as
compared to deep implantation. Lower energies can help
reduce amorphization of the semiconductor layer 130. As an
example, an implantation energy of about 1 keV may be
used to implant Ge mto a 6-nm-thick semiconductor layer
130. In some embodiments, the implantation energy may be
between about 0.5 keV and about 3 keV.

In various embodiments, the thickness of the hard mask
material 140 may be selected such that it stops implanted
ions 1n the hard mask 1 regions 170 adjacent to the S1Ge
implanted region 180, thereby preventing the implanted 10ns
from reaching the semiconductor layer 130. However, at the
opening in the hard mask, the 1ons may pass through the thin
oxide layer 160 and enter the semiconductor layer 130, so as
to highly dope the semiconductor layer locally. According to
some embodiments, the doping level may be between about
15% and about 40%. In some embodiments, the doping level
may be between about 25% and about 35%. In some
implementations, the doping level of the channel region may
be approximately 30%.

The terms “approximately” and “about” may be used to
mean within £20% of a target dimension or target value in
some embodiments, within £10% of a target value 1n some
embodiments, within £5% of a target value 1n some embodi-
ments, and yet within 2% of a target value 1n some
embodiments. The terms “approximately” and “about” may
include the target value.
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After 1on implantation, the hard mask material 140 and
thin oxide 160 may be stripped from the waler using any
suitable process leaving a highly doped Si1Ge region 180 1n
the ultrathin semiconductor layer. The resulting substrate
105 may appear as depicted in FIG. 1E. One or more SiGe
channels for FETs may be formed at this region. Because of
the elevated-temperature and low-energy 1on implantation,
the defect density 1n the SiGe region 180 may be low enough
to provide suitable device performance.

In some embodiments, the defect density 1n the implanted
region after 1on implantation may be unacceptable for device
fabrication. The substrate 105 may then be subjected to a
rapid thermal annealing or spike annealing step. A rapid
thermal annealing step may elevate the substrate or 1ts thin
semiconductor layer to a peak temperature between about
500° C. and about 1200° C. for a period less than one
second, 1n some embodiments. In some 1implementations, a
rapid anneal may last for a period having a duration that 1s
between about 0.1 second and about 1 second. In some
embodiments, a rapid thermal anneal may last for a period
between about 1 second and about 10 seconds. The rapid
anneal may reduce defects to an acceptable level for device
tabrication. The substrate 105 may then be used to form
active regions of transistors 1n the Si1Ge region 180, as well
as other devices 1n adjacent regions.

In some implementations, the thin oxide layer 160 may
not be formed on the exposed ultrathin semiconductor layer
130, and implantation may be directly into the exposed
ultrathin semiconductor layer. However, the use of the thin
oxide layer 160 may help improve the uniformity of dopant
concentration 1n a vertical direction of the substrate, 1n some
embodiments. In other embodiments, a material other than
an oxide (e.g., a nitride, a polymer, a low-Z metal) may be
deposited over the waler and exposed semiconductor layer
130 prior to implantation and removed after implantation.

FIGS. 2A-2F depict integrated structures and method
steps for forming raised source and drain complimentary
MOSFET (CMOS) devices that include mn-plane stressors
adjacent a channel region, according to some embodiments.
The described method steps enable m-plane stressors coms-
prising S1Ge to be formed adjacent to S1 channels of PMOS
transistors. Straining of silicon can be used to 1mprove some
of its electrical properties. For example compressive strain-
ing of silicon can improve the hole mobility within silicon.
Highly strained S1 integrated electronic devices may achieve
performance levels that are competitive with S1Ge devices.
However, to achieve a high strain with SiGe stressors, a Ge
dopant concentration between about 25% and about 33%
may be needed i some embodiments. In some embodi-
ments, a Ge dopant concentration 1s about 30%.

FIG. 2A depicts CMOS structures formed on an SOI
substrate having an ultrathin semiconductor layer. As
depicted in the drawing, FET structures for NMOS and
PMOS transistors are formed on an SOI substrate having an
ultrathin semiconductor layer 220. The SOI substrate may
comprise a bulk semiconductor (S1) 110, a buried oxide layer
120, and the ultrathin semiconductor layer 220. According to
some embodiments, some transistor structures may include
raised source and drain (RSD) regions 260. Shallow trench
isolation (STI) 210 structures may be formed between the
devices, 1n some embodiments, using any suitable STI
process. An STI structure 210 may extend through the
ultrathin semiconductor layer 220.

The ultrathin semiconductor layer 220 may be formed of
S1, 1n some embodiments. The semiconductor layer 220 may
be doped in some regions to have a first conductivity type
(e.g., p-type conductivity for NMOS transistors), and doped
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in other regions to have a second conductivity type (e.g.,
n-type conductivity for PMOS transistors). According to
some embodiments, a channel region for one or both types
ol transistors may be doped with another matenal (e.g., Ge)
to 1mprove device performance. In some 1implementations,
the NMOS devices may comprise S1 channel regions formed
in the ultrathin semiconductor layer 220 that have not been
doped, and the PMOS devices may comprise at least one
region 224 formed 1n the ultrathin semiconductor layer 220
that has been doped with another matenal (e.g., doped with
Ge using the techniques described above 1n connection with
FIGS. 1A-1E).

According to some embodiments, each of the CMOS
transistors may comprise a gate structure comprising a gate
conductor 250 and a gate insulator 215. In some embodi-
ments, the gate conductor may comprise polysilicon. In
some 1mplementations, the gate conductor 250 may com-
prise a metal. The gate insulator 215 may be any suitable
non-conductive material, e.g., an oxide or a mtride.

At least one spacer layer may be formed over the gate
structures and surrounding areas. According to some
embodiments, a first spacer layer 230 may be formed over
the gate structures and surrounding areas. A portion of the
first spacer layer 230 may be etched away to expose source
and drain regions at the NMOS transistors. Raised source
and drain (RSD) structures 260 may be formed in the
exposed source and drain regions by epitaxial growth. A
second spacer layer 235 may then be formed over the gate
structures and surrounding regions, as depicted in FIG. 2A.
In some embodiments, the entire region may be covered
with a passivation layer 240, e.g., an oxide. The passivation
layer 240 may be applied by any suitable deposition process,
¢.g., plasma deposition, thermal evaporation, spin-on and
bake, etc.

A portion of the passivation layer 240 may be removed to
expose PMOS ftransistor regions, as depicted in FIG. 2B.
The portion of passivation layer 240 may be removed using
any suitable lithography process. For example, a photoresist
may be applied and patterned over the passivation layer. A
region of the resist over the PMOS transistors may be
exposed (positive tone resist) or not exposed (negative tone
resist), and developed, so as to open a hole 1n the resist and
expose the passivation layer. The substrate may then be
subjected to a selective etch that removes the exposed
passivation layer 240, but does not appreciably remove the
underlying spacer layers 230, 235, and leaves a protective
layer 244 over the NMOS devices. The etch may be a wet
ctch, 1n some embodiments, or a dry etch, in some 1mple-
mentations. The resist may then be stripped from the sub-
strate.

The resulting structure, depicted in FIG. 2B, may then be
subjected to 10n implantation, as depicted mn FIG. 2C. Ion
implantation may be done at high doses and at elevated
temperatures to yield high dopant concentrations in the
ultrathin layer 220, as described above 1n connection with
FIGS. 1D-1E. For the embodiment shown 1n FIG. 2C, the
gate structures, RSD structures, and passivation region 244
prevent implanted i1ons from reaching the semiconductor
layer 220 lying beneath these structures. As a result, heavily-
doped regions 270 are formed adjacent the gate of the PMOS
transistor, as depicted i FIG. 2D. These heavily-doped
regions 270 form in-plane stressors that can exert stress on
the channel region of the PMOS transistor. In some embodi-
ments, the heavily-doped regions 270 induce compressive
stress 1n the channel region, and thereby improve the mobil-
ity of holes 1n the channel region. The heavily-doped regions
270 may be doped with Ge to a stoichiometric concentration
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between about 15% and about 40%. In some embodiments,
the doping level may be between about 25% and about 35%.
In some 1mplementations, the doping level of the in-plane
stressors may be approximately 30%.

The spacer layers 230, 235 may be etched from the
substrate 1 the PMOS regions, so as to expose source and
drain regions of the ultrathin semiconductor layer and leave
spacer structures 237 on the sidewalls of the gate structure,
as depicted 1n FIG. 2E. According to some embodiments, the
removal of spacer layer 230, 233 1s performed using a dry
anisotropic etch that 1s selective to nitride (or the spacer
material) and substantially stops on the S1Ge regions 270.
Because the etch 1s anisotropic, the spacer structures 237
remain after etch-through of the spacer layers over the
source and drain regions.

Removal of the spacer layers 230, 235 from the substrate
in the PMOS regions may be done 1n at least two ways. In
a first process sequence, the passivation region 244 over the
NMOS regions may {irst be removed by a blanket etch that
selectively etches the passivation material, e.g., etches oxide
(or the passivation material), but does not appreciably etch
the spacer layer material. A photoresist may then be applied
and patterned so as to expose PMOS regions. A subsequent
anisotropic etch may then be used to remove the spacer
layers from the PMOS regions, vielding the structure
depicted 1n FIG. 2F.

In an alternative process sequence, the passivation region
244 shown in FIG. 2D may be used as a hard mask. The
spacer layers may then be selectively and anisotropically
ctched to remove them from the PMOS regions, yet leave
the spacer structures 237. The passivation region 244 may
then be removed by selective etching to yield a structure as
depicted 1n FIG. 2E. In this alternative process sequence, the
passivation region 244 may extend across the STI region, so
that the STI region will not be etched after removal of the
spacer layers.

According to some embodiments, a substrate may be
subjected to a rapid thermal annealing step, as described
above. The rapid or spike anneal may recrystallize the
semiconductor layer and/or remove a majority of defects
that result from the 1on implantation, and improve electrical
characteristics of the device. The annealing step may occur
after 1on 1mplantation, 1n some embodiments, or after
removal of the spacer layers from the PMOS regions.

In various embodiments, raised source and drain struc-
tures 265 may be formed over the in-plane stressors 270, as
depicted 1in FI1G. 2F. The RSD structures 265 may be formed
by epitaxial growth, and may comprise S1 or S1Ge material
ol opposite type conductivity to that of the device’s body
region below the gate. Accordingly, RSD CMOS transistors
having in-plane stressors can be formed on ultrathin semi-
conductor layers of SOI substrates.

The techmques described above may be applied to other
types of transistors. For example, heavily doped channel
regions and/or in-fin stressors may be formed for finFET
devices.

Transistors or devices fabricated according to the present
teachings may be formed in an integrated circuit in large
numbers and/or at high densities. The circuits may be used
for various low-power applications, imncluding but not lim-
ited to, circuits for operating smart phones, computers,
tablets, PDA’s, video displays, and other consumer elec-
tronics. For example, a plurality of CMOS transistors fab-
ricated in accordance with the disclosed embodiments may
be incorporated 1n processor or control circuitry used to
operate one of the aforementioned devices.




US 10,134,898 B2

9

The discussions above are directed primarily to Si1Ge
strain-inducing structures. For example, SiGe in-plane
stressor may be used to induce compressive stress 1 a
channel of a PMOS transistor. In other embodiments, SiC
may be used to impart tensile stress in NMOS transistors.

The technology described herein may be embodied as a
method, of which at least one example has been provided.
The acts performed as part of the method may be ordered 1n
any suitable way. Accordingly, embodiments may be con-
structed 1n which acts are performed 1n an order different
than 1llustrated, which may include performing some acts
simultaneously, even though shown as sequential acts 1n
illustrative embodiments. Additionally, a method may
include more acts than those illustrated, in some embodi-
ments, and fewer acts than those 1llustrated 1n other embodi-
ments.

Having thus described at least one illustrative embodi-
ment of the invention, various alterations, modifications, and
improvements will readily occur to those skilled 1n the art.
Such alterations, modifications, and 1mprovements are
intended to be within the spirit and scope of the mvention.
Accordingly, the foregoing description 1s by way of example
only and 1s not intended as limiting. The invention 1s limited
only as defined 1n the following claims and the equivalents
thereto.

What 1s claimed 1s:
1. A method comprising;
heating a semiconductor-on-insulator substrate to a tem-
perature between approximately 350° C. and approxi-
mately 500° C., the semiconductor-on-insulator sub-
strate 1ncluding an ultrathin semiconductor layer; and

implanting a dose of a dopant into the ultrathin semicon-
ductor layer at an energy between approximately 0.5
keV and approximately 3 keV, the dose being between
approximately 0.5x10'® cm™ and approximately
2x10'° cm™, the semiconductor-on-insulator substrate
being maintained at the temperature between approxi-
mately 350° C. and approximately 500° C.

2. The method of claim 1, further comprising:

forming, prior to the implanting the dopant, a thin implan-
tation layer over a region of the ultrathin semiconductor
layer at which the dopant will be implanted; and

removing the thin implantation layer after the implanting
the dopant,

wherein the dopant 1s implanted through the thin implan-

tation layer.

3. The method of claim 2, wherein the thin implantation
layer comprises an oxide, and wherein the thin implantation
layer has a thickness between approximately 1 nm and
approximately 8 nm.

4. The method of claim 1, further comprising subjecting
the semiconductor-on-insulator substrate to a rapid thermal
annealing process after the implanting the dopant.

5. The method of claim 4, wherein a highest temperature
reached during the rapid thermal annealing process 1s
between approximately 500° C. and approximately 1200° C.

6. The method of claim 1, further comprising:

forming a field-effect-transistor (FET) gate structure over

the ultrathin semiconductor layer;

forming a spacer layer over the FET gate structure and the

ultrathin semiconductor layer; and

removing at least a portion of the spacer layer after the

implanting the dopant, thereby exposing a source
region and a drain region.

7. The method of claim 6, wherein the dopant 1s implanted
through the spacer layer into the ultrathin semiconductor
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layer at the source region and the drain region, and wherein
the dopant 1s not implanted into a channel region below the
FE1 gate structure.

8. The method of claim 7, wherein the dopant implanted
into the source region and the drain region forms a first
in-plane stressor and a second in-plane stressor, respectively,
that stress the channel region.

9. A method comprising:

implanting a dopant at a dose 1into an ultrathin semicon-

ductor layer of a semiconductor-on-insulator substrate
having a temperature between 350° C. and 500° C., the
dopant being implanted at an energy between approxi-
mately 0.5 keV and approximately 3 keV, the dose
being between 0.5x10'° cm™ and 2x10'° cm™2, the
ultrathin semiconductor layer having a thickness of less
than 50 nm;

tforming a field-eflect-transistor (FET) gate structure over

the ultrathin semiconductor layer; and

forming a spacer layer over the FET gate structure and

ultrathin semiconductor layer.
10. The method of claim 9, further comprising:
forming, prior to the implanting the dopant, an 1mplan-
tation layer over a region of the ultrathin semiconductor
layer at which the dopant will be implanted; and

removing the implantation layer after the implanting the
dopant.

11. The method of claim 9, further comprising subjecting
the semiconductor-on-insulator substrate to a rapid thermal
annealing process aiter the implanting the dopant.

12. The method of claim 9, wherein the implanting the
dopant occurs after the forming the FET gate structure and
the forming the spacer layer; and wherein the implanting the
C
C

opant comprises implanting, through the spacer layer, the

opant 1nto the ultrathin semiconductor layer at a source

region and a drain region of the FET gate structure; and

wherein the dopant 1s not implanted into a channel region

below the FET gate structure.

13. A method comprising:

heating an ultrathin semiconductor layer on an msulating
layer to a temperature between 350° C. and 500° C.;

forming an implantation layer over a first portion of the

ultrathin semiconductor layer;

implanting, through the implantation layer, an element 1n

the first portion of the ultrathin semiconductor layer,
the element being implanted at a dose between 0.5x
10'° cm™ and 2x10'° cm™, and at an energy between
approximately 0.5 keV and approximately 3 keV, the
ultrathin semiconductor layer being at the temperature
between 350° C. and 500° C.; and

removing the implantation layer after the implanting the

element,

wherein a second portion of the ultrathin semiconductor

layer 1s not implanted with the element, the second
portion being adjacent to the first portion.

14. The method of claim 13, wherein the implantation
layer comprises an oxide, a nitride, a polymer, or a low-Z
metal.

15. The method of claim 13, further comprising:

forming a mask over the second portion before the

implanting the element; and

removing the mask after the implanting the element.

16. The method of claim 13, wherein the element 1s
implanted in the first portion of the ultrathin semiconductor
layer at a stoichiometric concentration between approxi-
mately 15% and approximately 40%.
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17. The method of claim 13, further comprising subject-
ing the ultrathin semiconductor layer to a rapid thermal
annealing process after the implanting the element.

18. The method of claim 13, further comprising:

forming a field-eflect-transistor (FET) gate structure over

the ultrathin semiconductor layer;

forming a spacer layer over the FET gate structure and the

ultrathin semiconductor layer; and

implanting a dopant through the spacer layer into the

ultrathin semiconductor layer at a source region and a
drain region, the dopant implanted into the source
region and the drain region forming a first in-plane
stressor and a second in-plane stressor, respectively,
that stress a channel region,

wherein the dopant 1s not implanted into the channel

region below the FET gate structure.

19. The method of claim 18, further comprising forming
a raised source region and a raised drain region over the first
in-plane stressor and the second in-plane stressor, respec-
tively, the raised source region and the raised drain region
having widths that are substantially the same as widths of the
first 1n-plane stressor and the second in-plane stressor,

respectively.
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20. The method of claim 8, further comprising forming a
raised source region and a raised drain region over the first
in-plane stressor and the second in-plane stressor, respec-
tively, the raised source region and the raised drain region
having widths that are substantially the same as widths of the
first 1n-plane stressor and the second in-plane stressor,
respectively.
21. The method of claim 12, further comprising:
removing the spacer layer after the implanting the dopant
to expose the source region and the drain region; and

forming a raised source region and a raised drain region
over the source region and the drain region, respec-
tively,

wherein the dopant implanted into the source region and

the drain region form a first mn-plane stressor and a
second 1n-plane stressor, respectively, and wherein the
raised source region and the raised drain region have
widths that are substantially the same as widths of the
first in-plane stressor and the second 1n-plane stressor,
respectively.
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